T he shear friction analogy is a design method which is familiar to most engineers in practice. r-rr It is a valuable and simple tool which can be used to estimate the maximum shear force transmitted across a cracked plane in a reinforced concrete member. The cracks considered may be caused by load effects, but also by a variety of other reasons such as tensile forces due to restrained shrinkage or temperature deformations, or by accidental dropping.
The shear friction method is used in the design of precast concrete structural connections for estimating the shear capacity of interfaces between precast members and cast-in-place concrete and for calculating the residual shear capacity of cross sections which are weakened by cracking. Well known is the application for the design of short corbels wherein a control of the interface stresses is necessary to prevent a possible shear failure (see Fig. 1 ).
The role of shear friction in the design of corbels was treated by Mattock.tO Similarly, the principles concerning interface shear capacity can also be applied to many other structural systems such as shear walls in caissons, which form the frame of a concrete marine platform (see Fig. 2 ). 12 In this type of structure severe loading conditions may occur due to the existence of so-called "hard points" in the sea bed. A simplified loading configuration, as shown in Fig. 3 , can be considered to be a reasonable approximation of these conditions.
An accurate determination of the interface shear capacity at the junction between the shear walls of such caissons is difficult to predict principally because the concrete in the structure is of very high quality. For example, cylinder compressive strengths (f^) of 7,000 to 10,000 psi (50 to 70 Nlmm 2) are common practice. f3 However, the existing shear friction equations are based on tests conducted on concrete elements with only moderate strengths as encountered within the traditional building industry.
In order to obtain a better understanding of the behavior of shear walls using high strength concrete, a comprehensive research program was conducted at the Delft University of Technology. The research focused on the behavior of cracks in high strength concrete subject to static, dynamic and sustained shear loading. Part of the program involved shear friction tests. Since these results significantly extend the range of experimental data, it seemed appropriate the study should reevaluate the validity of the existing shear strength equations.
STATE OF THE ART ON SHEAR FRICTION METHOD
The first articles on the shear friction analogy were published by Birkeland' and Mast2 in the late sixties. Since then, numerous papers and discussions on the subject have appeared in the literature. 3-' 6 In practice, the shear friction method has been modified" and, currently, its provisions appear in various
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forms in the ACI Building Code,' 7 the PCI Design Handbook-and the recent "Proposed Design Requirements for Precast Concrete. 'lS The shear friction mechanism exists by virtue of the roughness of the crack interfaces. Because of this unevenness, a type of wedging action develops in the crack if the opposite sides are subjected to a shear force (see Fig. 4 ). Therefore, the crack faces not only move in the direction parallel to, but also in the direction perpendicular to the crack plane.
As a consequence of this dilatation of the crack, the reinforcement crossing the crack is stressed and clamps both parts together. The maximum capacity of this mechanism is reached when the reinforcement starts yielding. Hence, at first sight, the most logical formulation of the interface shear capacity is:
Dividing throughout by the area ofthe shear plane, the relationship can be ex-recommends the value v, to be limited pressed in terms of stress: by:
where a is the inclination of the concrete surface. The value of tana depends on the type of concrete: for normal concrete, the PCI Design Handbook t8 recommends a value tan a = 1.4. In principal, it does not matter whether the clamping force is provided by the reinforcement or by an external force. Therefore, Eq. (2) can be generalized to:
where Q" is the externally applied comnpressive stress perpendicular to the crack.
For high values of (p t,f,, + cr" ), the clamping action is so tight, that failure does not occur in the crack itself, but in the concrete adjacent to it. In laboratory tests this type of failure is initiated by the formation of short cracks inclined to the main crack. 4 For normal aggregate concrete, the PCI Design Handbook v< 0.3 fc
Mattock s s found, however, that the combination of Eqs. (3) and (4) is rather conservative for low values of Therefore, he proposed using a modified shear friction method which included a cohesion term:
From a physical viewpoint, Eq. (5) corresponds to a crack model according to Fig. 5 , where the crack faces are characterized by a general roughness and a local roughness. The cohesion term reflects the shearing off of local asperities at the crack faces.
Eq. (5) corresponds to a mean line through the test data obtained in shear transfer tests of reinforced concrete having a crack in the shear plane before shear was applied. Mattock showed further that moments on the shear plane, less than or equal to the flexural ultimate moment of the shear plane, do not reduce the shear transfer strength.R The use of Eq. (5), suitably modified by the inclusion of the capacity reduction factor 0, leads to a safe and more economic design than the original shear friction expression, i.e., Eq. (2).10 
NEEDED RESEARCH
An analysis of the behavior of cracks under static shear loading 20 • 21 has shown that the shear friction mechanism significantly differs from that suggested by Figs. 4 and 5.
It has been shown that in reality the transmission of forces across a crack takes place at numerous contact areas between the aggregate particles, embedded in the crack faces, and the matrix on the opposite face of the crack. The mechanism, occurring at those contact areas, is shown in Fig. 6 .
Under the action of the shear and normal (clamping) force, the matrix locally deforms. At the contact areas both normal stresses Q,, and shear stresses r,.
are transferred, By integrating all local stresses at all contact areas, the relation between the crack movements and the forces, corresponding to these movements, is found, 20 According to this model, the matrix strength should play an important role in developing shear capacity. Because the concrete quality depends on the matrix strength, it seems logical that a concrete quality related value, such as the cylinder crushing strength, should be included in the expression for shear friction resistance.
The fact that concrete strength does not appear to influence the outcome of Eqs. (3) and (5) is explained by the condition that the concrete strength of the test specimens (from which the equa-tions were derived) varied between narrow limits, i.e., nearly all the strength values lay between 2900 and 4300 psi (20 to 30 N/mm 2). Therefore, a possible effect of the concrete strength is overruled by the natural scatter of the experimental results. It would, however, not be surprising if tests over a wide range of concrete quality would display strength dependent tendencies.
Another aspect that needs consideration is the fact that cracks in practical situations may be subjected to load variations and sustained loading. It might be questioned whether expressions for the shear friction capacity, derived from tests on monotonically loaded specimens, also apply under those circumstances.
Recently, comprehensive tests were conducted in the Netherlands dealing with the issues discussed above, namely, the effect of concrete strength and load history on the shear friction equations. When combined with existing data, these tests offer a broad range of parameter variation, enabling a new overall analysis of the subject. In the following section, the existing data and new results will be discussed.
EXPERIMENTAL RESULTS
The experimental results used in this analysis were taken from four sources. The first series of tests on reinforced push-off specimens conducted at Delft, comprised 31 results. 21 The cylinder strength varied between 2400 and 6850 psi (17 and 48 N/mm 2). The concrete was composed of glacial river aggregates (Fuller grading curve and Type B portland cement). The maximum particle diameter was 0.63 or 1.32 in. (16 or 32 mm). The value of p"fu ranged between 160 and 2170 psi (1.1 and 15.2 N/m►nz) andf"was 66 ksi (460 N/mm2).
The tests were carried out on push-off specimens (see Fig. 7 ) with a precracked shear area of 4.7 x 11.8 in. (120 x 300 mm), perpendicularly crossed by stirnips having a bar diameter of 0.31 or 0.63 in. (8 or 16 mm). The experimental results are summarized in Table 2 .
Recently a new series of tests were carried out by Pruijssers 22 and Fre nay's using repeated and long-term shear loads on push-off specimens similar to those used by Walraven 2l (see Tables 3  and 4 ). In these tests the shear plane was perpendicularly crossed by 0.31 in. (8 mm) diameter embedded reinforcing bars. For these shear loading tests two concrete grades were chosen, with cylinder strengths of 6150 and 8550 psi (43 and 60 Nlmm 2), respectively. The con-crete contained Type B portland cement with a density of 20 or 26 lb per cu ft (325 or 420 kg/ma) corresponding to a water-cement ratio by weight of 0,50 or 0.38, respectively.
Glacial river aggregates (Fuller grading curve) with a maximum particle size of 0.63 in. (16 min 
Specimen
No.
p, f, In addition, twenty sustained loading tests were carried out, 15 the shear stress level of which varied between 40 and 82 percent of the static ultimate load. The duration of preloading was t,,,,,,x days. Periodically, the displacements parallel and perpendicular to the crack plane were measured. Next, the loading was removed and the specimens were pushed-off statically at an age t, (see Fig.  8 ). The preloading age t ma,,, varied between 76 and 273 days while the static push-off age t, varied between 160 and 407 days.
Tables 2 through 4 present the detailed data on the push-off specimens. 
EVALUATION OF EXISTING DATA
Altogether, 88 push-off tests were evaluated statistically. Tables 1 through  4 give the detailed results. Because theoretical considerations led to the expectation that the concrete strength should play a significant role in the analysis, special attention was given to this parameter. Since for most test data only the cube compressive strength of the concrete f was available, this value was chosen as the basis in evaluating the data.
Initially, only the 55 static tests were considered. The analysis showed that the following equation gave the best prediction of the experimental shear friction capacity: For all the tests, including the specimens preloaded by either a repeated or a sustained shear load, the ratios of x = U,, e^,, /v" mare presented in Tables 1  through 4 . Mean values of x and its standard deviations are given in Table 5 .
For the total number of 88 experiments, it is shown that x = 1.001 with a coefficient of variation of sf = 0.109. Hence, a 5 percent lower bound expression is obtained with: = 0.82 v ,,,th
Despite the excellent precision of Eq. (6), the formulas (due to their complexity) are not directly usable in design practice. To overcome this deficiency, a design chart based on Eq. (6) has been prepared (see Fig. 9 ). Using this chart, The values of v. = VIbd, according to the required amount of shear reinforce-this formula, are compared with the exment can be read directly. By virtue of perimental values in Fig. 10 . It can be the choice of Eq. (7), an appropriate ca-seen that this expression is a safe lower pacity reduction factor 0 is already in-bound, but the scatter is large. There is a corporated in the chart, tendency towards increased conservatism for high strength concrete. The
EXISTING EQUATIONS
The accuracy of the proposed design chart is compared with the shear friction equation given in the PCI Design Handbook and the modified shear friction equation proposed by Mattock.
The PCI Design Handbook equation for normal weight concrete is:
where 4) = 0.85.
COMPARISON WITH
t f 1 1 f ( same is rue or ow va tic;,o p,;fr, no reflected in Fig. 10) .
The modified shear friction equation is: The comparison with the experimental data is shown in Fig. 11 . For concrete strengths up to fc = 5000 psi (35 Nlmm2), a good lower bound with low scatter is obtained. With increasing concrete strength, however, more conservatism is observed.
The comparison of the values, obtained using the design chart (Fig. 9) , with the experimental values, is shown in Fig. 12 . Over the whole range of values 50 < p,, f , < 2167 psi and 2416 < ff < 11474 psi (0.35 < p,,f" < 15.17 N/mm2 and 17 <f < 68 N/mm 2) very good agreement with low scatter is obtained.
As shown in Fig. 6 , the mechanism of shear transfer across cracks depends predominantly upon the interaction between aggregate particles and the concrete matrix at the opposing faces of the crack. It is, therefore, essential that the major part of the particles does not break through. An inspection of the crack faces after precracking showed that the percentage of broken particles in the tests considered was always lower than 30 percent.
INFLUENCE OF LOAD HISTORY
It appeared from the tests that neither previous repeated loading nor previous sustained loading influenced the shear friction capacity of the specimens. This can be explained by observing the physical behavior of the specimens. Fig,  13 shows, using a simplified model, the course of events. Since the concrete matrix is brittle, it is crushed during the penetration of aggregate particles. After some cycles, however, the shape of the crack face has adjusted to the type of loading, i.e., excavations have been formed in the matrix in which the aggregate particles fit at peak loading. Hence, a situation is reached in which the behavior of the specimen is stable and no appreciable further damage occurs. If, after a certain amount of cycles, the load is monotonically increased to failure, the particles penetrate into a part of the matrix which was not damaged before. This explains the fact that the ultimate strength is insensitive to any previous loading. 
DESIGN EXAMPLES
To illustrate the application of the proposed method and to compare the results with existing methods of design, two numerical examples are given.
Example I
As a first application of the use of the design chart (Fig. 9) Using the design chart (Fig. 9) , it is found that: As a second design example, the caisson structure shown in Fig. 3 is considered. The concrete quality in such submarine shear walls may be very high. It is assumed that the concrete cylinder strength is f/ = 8000 psi (56 N/mm 2) and that the design shear stress, to be transmitted across the interface at the junction between the two shear walls (dotted line, Fig. 3 ), is V"Ibd = 1000 psi (7 N/mm l), According to the PCI Design Handbook the required amount of reinforcement is determined from: Using the design chart ( Fig. 9) : p,f" = 460 psi (3.1 N/mm2) The above example demonstrates the desirability of having a shear friction formula which is also valid for high strength concrete. This formula will prevent unnecessary conservatism for such cases.
CONCLUSIONS
1. The traditional shear friction equation, without a cohesion term, is safe hut conservative, especially in the region of low reinforcement ratios or high concrete strengths. The modified shear friction equation, as proposed by Mattock, is a safe expression with good accuracy for low and intermediate concrete strengths. For ff > 5000 psi (35 N/mmz ), however, an increasing conservatism is found.
2. Taking the concrete strength into account as a basic influencing parameter, an expression can he derived with excellent accuracy over a very wide range ofparameter variation: 100 < p"fy < 1500 psi and 2500 <f f < 9000 psi or 0.7 <pJu <10N/mm 2 and 17.5 < f,<65N/mm2 A necessary condition for the validity of the above equations is that the aggregate is sufficiently strong. , In the tests considered, always less than 30 percent of the aggregate particles were broken by cracking.
3. Previous loading cycles (n = 200,000 to 750,000) with a maximum shear stress up to 65 percent of the static shear capacity did not influence the shear capacity of the crack. The same is true for sustained loading, up to 381 days on a level of 40 to 80 percent of the static shear capacity.
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